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ABSTRACT
The state of supranuclear matter in compact star remains puzzling, and it is argued that pulsars could be strangeon
stars. The consequences of merging double strangeon stars are worth exploring, especially in the new era of multi-
messenger astronomy. This paper gives the first qualitative description about the evolution of ejecta and find that
the ejecta could end up with two components. In the hot environment of the merger, the strangeon nuggets ejected
by tidal disruption and hydrodynamical squeezing would suffer from evaporation, in which process particles, such as
strangeons, neutrons and protons, are emitted. Taking into account both the evaporation of strangeon nuggets and the
decay of strangeons, most of the ejected strangeon nuggets would turn into neutrons and protons within 10 ms, and
the dependence of evaporation rate on temperature leads to the two-component ejecta. Light curves are derived for
both high and low opacity components, where the former would be ejected from the directions around the equatorial
plane, and the latter would be ejected in a broad range of angular directions. Although the total ejected mass would
be ∼ 10−3M⊙ only, the spin-down power of the long-lived remnant would account for the whole emission of kilonova
AT2017gfo associated with GW 170817. The detailed picture of merging double strangeon stars is expected to be
tested by future numerical simulations.
Key words: keyword1 – keyword2 – keyword3
1 INTRODUCTION
Matter in our Universe takes on various forms, although the
fundamental particles making up matter are just three gener-
ations of Fermions in the Standard Model of particle physics.
The state of matter at extremely high densities created by
the gravitational collapse of massive stars is still far from cer-
tainty, which is yet essential for us to explore the nature of
pulsar-like compact stars. It is still under debate if the main
constitution of pulsar-like compact stars is two-flavored or
three-flavored matter. Although the former case which refers
to neutron stars has been studied more intensely, the latter
case is attracting attention more and more .
For bulk matter, at densities around the saturated nuclear
matter density ρ0, the weak equilibrium among u, d and s
quarks is possible, instead of simply that between u and d
quarks. In addition, due to the non-perturbative effect of
strong interaction, quarks may be grouped into clusters, simi-
lar to the case that u and d quarks are grouped into nucleons.
To begin with the initial thoughts about the quark-clusters
being the main constituents of compact stars in Xu (2003)
and Lai & Xu (2009a), this model has been developed based
⋆ E-mail: laixy@pku.edu.cn
on more advanced observations. The three-flavored quark-
clusters are then called “strangeons” by combining “strange
nucleons” (see a brief review by Lai & Xu (2017) and refer-
ences therein).
There are differences and similarities between strangeon
stars and neutron/quark stars. On one hand, quarks are
thought to be localized in strangeons in strangeon stars, like
neutrons in neutron stars, but a strangeon is of 3-flavored
and may contain more than three valence quarks. On the
other hand, the matter at the surface of strangeon stars is
still strangeon matter, i.e., strangeon stars are self-bond by
strong force, like quark stars. Strangeon star model have
been found to be helpful to understand different manifes-
tations of pulsar-like compact stars, including massive pul-
sars (Lai & Xu 2009b), glitches (Lai et al. 2018b), X-ray dim
isolated neutron star (Wang et al. 2017) and so on (see a re-
view by Lai & Xu (2017) and references therein).
The detections of gravitational wave event
GW170817 (Abbott et al. 2017) and its multiwavelength
electromagnetic counterparts (e.g., Kasliwal et al. 2017;
Kasen et al. 2017) open a new era in which the nature of
pulsar-like compact stars could be crucially tested. In the
conventional neutron star merger, the neutron-rich ejecta
undergoes rapid neutron capture (r-process) nucleosynthesis.
c© 2020 The Authors
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The radioactive decay of these unstable nuclei powers a
rapidly evolving and supernova-like transient named as
AT2017gfo, which was predicted to be associated with
neutron star mergers and in literatures was called “kilo-
nova” (Li & Paczynski 1998), “macronova” (Kulkarni 2005),
or “mergernova” (Yu et al. 2013; Gao et al. 2015). The
observed multi-band light curves can be understood by such
radioactivity-powered transient (e.g., Cowperthwaite et al.
2017; Smartt et al. 2017; Villar et al. 2017), containing
a low-opacity (κ ∼ 10−1 cm2 g−1) component (“blue”
component) whose luminosity peaks at ∼ 1042 erg s−1 at the
time about one day, and a high-opacity (κ ∼ 10 − 100 cm2
g−1) component (“red” component) whose luminosity peaks
at the time about one week.
It is worth noting that, combining the constraint by
GW170817 with the existence of high mass pulsars puts a
dramatic reduction in the family of allowed equation of states
of neutron stars (Annala et al. 2018). As more massive pul-
sars are being found (Demorest et al. 2010; Antoniadis et al.
2013; Cromartie et al. 2019), the lower limit of the max-
imum mass increases, which will put more stringent con-
straint on neutron star model. Due to the lack of information
on the post-merger remnant, the observation gravitational
wave alone cannot exclude other possibilities of the origin
of GW170817. For binary quark stars (Zhou et al. 2018), the
tidal deformability of GW170817 can be used to constrain pa-
rameters in the equation of state, which imply the maximum
mass to be ≤ 2.18M⊙.
Differently, for equation of state of strangeon stars, the con-
straint by combining the tidal deformability and high maxi-
mum mass seems not severe at all1. For the strangeon matter
proposed in Lai & Xu (2009b), in a large parameter space the
equation of state of strangeon star is compatible with the con-
straint by GW170817 even if the maximum mass of pulsars
is higher than 2.8 M⊙ (Lai et al. 2019). For the linked bag
model of strangeon matter (Miao et al. 2020) which can be
adopted for strong condensed matter in both 2-flavoured (nu-
cleons) and 3-flavoured (hyperons and strangeons) scenarios,
it is also found that in a large parameter space the maximum
mass and tidal deformability of strangeon stars are consistent
with the current astrophysical constraints.
Beside determining the tidal deformability, the equation
of state of compact stars also determines the properties of
post-merger remnant, which would affect on the electromag-
netic transient after merger. The allowed equations of state
of neutron stars and quark stars are hard to sustain a mass
higher than 2.5M⊙ (Annala et al. 2018; Zhou et al. 2018),
so the remnant of merger for GW170817 is more likely to
be short-lived and will be collapse into a black hole within
100 ms (Ruiz et al. 2018). The lanthanide-bearing ejecta is
important for the “red” component of the post merger light
curves, but most of the ejecta is lanthanide-free (Ye & 0.3)
if the NS survives longer than about 300 ms (Kasen et al.
2015). However, a long-lived neutron star is favored for a con-
sistent picture to account for the opacity and ejected mass of
AT2017gfo (Yu et al. 2018; Li et al. 2018).
The observed electromagnetic counterparts, on the other
1 The strangeon star model is neither in the “twin-stars”
scenario (Most et al. 2018) nor in the “two-families” sce-
nario (De Pietri et al. 2019).
hand, are still difficult to directly probe the nature of
pulsar-like compact stars. The production of heavy ele-
ments has impact on the opacity and will consequently af-
fect the time and magnitude of peak luminosity. Neutron
star mergers could not be the only complement to super-
novae that produce elements around or heavier than iron
peak. Merger of double quark stars would eject fragments
of strange quark matter, which are called strangelets. For
mergers of double quark stars, under the multi-fragmentation
model (Paulucci & Horvath 2014) of quark matter, all the
ejected strangelets would decay into nuclear matter, and the
nucleosynthesis of quark star mergers would reach the iron
peak only (Paulucci et al. 2017). Bucciantini et al. (2019)
calculate the evaporation process of ejected strangelets, and
find that almost all of the ejected strangelets will evapo-
rate into nucleons (most of them are neutrons). Although
the evaporation of strangelets into nucleons could produce
neutron-rich condition and then could lead to high opacity,
there is a lack of explanation about the observed low opacity
component.
The consequences of merging double strangeon stars are
worth exploring. The “strangeon kilonova” scenario has been
discussed in Lai et al. (2018a), in which the peak of the light
curve at about one day after merger is powered by the decay
of ejected unstable strangeon nuggets, and the slowly fading
component of the light curve is powered by the spin-down of
the remnant strangeon star2. To match the observations, the
lifetime of the unstable strangeon nuggets is assumed to be
one day. However, the detailed descriptions about the evolu-
tion of ejected strangeon nuggets as well as the properties of
the decay products is needed.
To present a whole picture of merging double strangeon
stars and the astrophysical consequences, there is still a
long way to go. The full analysis about ejection process of
strangeon nuggets, including the total mass and the size-
distribution of nuggets, relies on numerical simulations. In
addition, the evolution of ejected strangeon nuggets is diffi-
cult to trace due to our ignorance of their properties. How-
ever, as will be shown in this paper, the ejection and evolution
of strangeon nuggets happened and terminated at very early
stage of merger, so these processes could not have much im-
pact on the later processes such as the strangeon kilonova. As
a first stage exploring the astrophysical consequences of merg-
ing double strangeon stars, a qualitative description about
the evolution of ejecta and light curve of kilonova is neces-
sary, which is focused in this paper.
Beginning with a rough picture for ejection of strangeon
nuggets during merger of double strangeon stars in Section 2,
we discuss the evaporation of ejected strangeon nuggets in
Section 3. It is found that, except the ones that have ini-
tial baryon numbers near the maximum value, almost all the
ejected nuggets turn into strangeons at within 1 ms, and turn
into neutrons and proton within 10 ms. Because strangeons
would instantly decay that leads to more protons than neu-
trons, the high and low opacity components could be natu-
rally created. Although the total ejected mass of would be
as low as ∼ 10−3, the light curve would be powered by the
2 Such a hybrid energy source model was firstly suggested
by Yu et al. (2018) for explaining AT 2017gfo with a long-lived
normal neutron star.
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spin-down of the remaining long-lived strangeon star, which
can fit the bolometric light curve of AT2017gfo, as shown in
Section 4. Conclusions and discussions are made in Section 5.
2 EJECTION OF STRANGEON NUGGETS
The electromagnetic counterparts of GWs in merging binary
compact stars are essentially determined by the amount and
composition of the ejecta. In the merger of double neutron
stars, neutrons escape from nuclei in chunks of neutron star
matter in the decompression process on the hydrodynami-
cal timescale (Lattimer et al. 1977; Symbalisty & Schramm
1982). Similarly, in the merger of double strangeon stars,
chunks of strangeon matter, i.e. the strangeon nuggets, are
ejected in both tidal disruption and collision processes, like
the water drops splashed out of a pool of water. Although
the detailed ejection process of merging strangeon stars is
unknown without numerical simulations, it could resemble
the that of merging quark stars.
There are two main ejection process in the merger of dou-
ble strangeon stars, which are also similar to the merger of
double neutron stars/qaurk stars. The first process is the
tidal disruptions during the merger, ejecting matter in the
equatorial plane. The second process is the hydrodynami-
cal squeeze from the contact interface between the merging
stars, expelling matter in a broad range of angular directions.
The hydrodynamical simulations of the coalescence of quark
stars (Bauswein et al. 2010) show that the small lumps of
quark matter form around the remnant, and the total ejected
mass is ∼ 0.004M⊙. The clumpy ejecta and the low ejected
mass are due to the fact that quark stars are self-bound by the
strong interaction, which is also the character of strangeon
stars.
Due to the self-binding of strangeon stars, both tidal
disruption and hydrodynamical processes eject strangeon
nuggets, instead of ejecting individual strangeons. Being
ejected directly, the strangeon nuggets have various sizes, i.e.
various baryon numbers A. Here we can estimate the maxi-
mum and minimum sizes of strangeon nuggets.
The maximum size could be estimated by the balance be-
tween tidal force GMmr/R3 and surface tension force σr,
where σ is the surface tension, M and R are the stellar
mass and radius, m and r are the nugget’s mass and ra-
dius (m ∼ ρr3, ρ is the density for both strangeon stars and
strangeon nuggets, ρ ∼ 2ρ0). For σ = 10 MeV fm−2, we can
get the maximum radius of nuggets rmax ∼ 1 cm, correspond-
ing to maximum baryon number Amax ∼ 1039.
From the method used in Bucciantini et al. (2019), the
minimum size could be estimated by evaluating the Weber
number, defined by W = ρv2r/σ, where v is the turbulent
velocity. The ejection of strangeon nuggets can be treated as
the turbulent fragmentation on the surface of merging stars,
where the turbulent velocity v is the ejection velocity. The
ejection takes place as long as W ≥ 1, then if v = 0.1c
(c is the speed of light) we can get the minimum radius of
nuggets rmin ∼ 1 fm, corresponding to minimum baryon num-
ber Amin ∼ 1.
Actually, the strangeon nuggets stable at zero tempera-
ture should have a critical size, smaller than which the en-
ergy per baryon of strangeon matter would be higher than
that of two-flavor ordinary matter. In a qualitative estima-
tion (Lai & Xu 2017) the critical size could be set to be the
Compton wavelength of electrons, λe ∼ 103 fm, correspond-
ing to the critical baryon numberAc ∼ 109. Then the primary
ejected strangeon nuggets would have baryon numbers from
109 to 1039.
The lack of numerical simulations about the merging pro-
cesses of double strangeon stars makes it hard to derive
exactly the distribution of sizes and the total amount of
ejecta. As a matter of fact, however, the size-distribution
of strangeon nuggets would not have much impact on the
electromagnetic radiation. As will shown in Sec 3, the the fi-
nal components in the ejecta which have observational effects
(e.g. the power of the kilonova) would depend weakly on the
initial conditions.
3 EVAPORATION OF STRANGEON NUGGETS
During merger, the temperature could reach up to tens of
MeV (e.g. Bauswein et al. 2010), especially when the shock
heating is taken into account (De Pietri et al. 2019), so natu-
rally the strangeon nuggets would suffer from losing particles
from the surface. Strangeon nuggets themselves would be-
have like dark matter because of their extremely low charge
to mass ratio (Lai & Xu 2010), but the particles emitted
from their surface would lead to significant consequences. In
the high temperature environment of the merger, the ejected
strangeon nuggets would suffer from emission of particles
from the surface, i.e. evaporation, including neutrons, pro-
tons, strangeons, and so on.
In this section, we calculate the evaporation rate of
strangeon nuggets, which depends on temperature. It will be
found that, the components in the ejecta at the time ∼ 10
ms after merger would be similar to that in merging double
neutron stars.
3.1 Widths of particle emissions
The Width Γβ for the emission of particles can be obtained
with a statistical model (Shen 2005), i.e.,
Γβ(ε
∗) =
gβmβ
pi2
∫ ε∗−sβ
0
ρ(ε∗ − sβ − ε)
ρ(ε∗)
εσβ(ε)dε, (1)
where gβ, mβ, and sβ are the degeneracy factor, mass, and
separation energy of the particle. Here ρ(E∗) represents the
level density of the a strangeon nugget with an excitation
energy ε∗, and σβ(ε) the absorption cross section of particle
β with an incident energy ε. For electric neutral particles
such as strangeons or neutrons we take the cross section as
σq,n(ε) = piR
2, while for charged particles one has to take
into account the Coulomb interaction (Wong 1973), i.e.,
σβ(ε) =
R2ω0
2ε
ln
{
1 + exp
[
2pi(ε− εC)
ω0
]}
, (2)
where the transmission probability of Coulomb barrier is ob-
tained based the Hill-Wheeler formula (Hill & Wheeler 1953)
with the barrier width ω0 = 4MeV. For the Coulomb barrier,
we simply take εC = qβϕ(R).
Note that for the emission of nucleons and α particles, one
needs to take into account the transition probability from
strangeons into nucleons. If strangeon matter is usually more
MNRAS 000, 1–8 (2020)
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stable than nuclear matter and the transition is a weak re-
action process, we expect a vanishing transition probability.
If we assume the transition probability from strangeons into
nucleons is fN , the transition probability from strangeons
into α particles is approximately f4N . Thus the cross sections
become
σp,n → fNσp,n and σα → f4Nσα. (3)
At this moment, it is unclear the exact form of fN and we
suppose fN = 3× 10−12.
When the temperature of strangeon matter exceeds cer-
tain value (∼ 1 MeV), the solid sate is turned into liquid. In
such cases, we expect the statistical properties of strangeon
nuggets are similar to finite nuclei, and thus adopt the level
density of nuclei for strangeon nuggets,
ρ =
e2
√
aε∗
√
48ε∗
, (4)
where the temperature is given by T =
√
ε∗/a. The level
density parameter is taken as a = A/12Aq MeV
−1 since the
effective degree of freedom is strangeon instead of nucleon,
where A is the total baryon number of a strangeon nugget,
and Aq is the baryon number of each strangeon. If the number
of valence quarks in each strangeon is Nq , then the strangeon
baryon number Aq = Nq/3. In this work we take Nq = 18,
i.e. Aq = 6, in which case a strangeon is an 18-quark cluster
(called quark-α) (Michel 1988).
At large excitation energies (ε∗ ≫ sβ+ε), the ratio of level
densities in Eq. (1) can be simplified and gives
ρ(ε∗ − sβ − ε)
ρ(ε∗)
= exp
(
−sβ + ε
T
)
. (5)
3.2 Evaporation rate of strangeon nuggets
Here we consider four evaporation channels, i.e., the emission
of strangeons (β = q), neutrons (β = n), protons (β = p), and
α particles (β = α). The separation energy is then obtained
with sq = mq−Aqµn, sn = mn−µn, sp = mp−µp, and sα =
mα − 2µn − 2µp, where mq, mn, mp and mα are the masses
of strangeons, neutrons, protons and α particles, respectively.
Here the neutron and proton chemical potentials are obtained
with µn =
∂M
∂A
and µp =
∂M
∂Z
, where M is the mass of a
strangeon nugget with baryon number A and charge number
Z.
The emission rates Wβ = Γβ/~ ≈ 1.52 × 1021Γβ (in s−1)
for various evaporation channels can be derived, where the
widths Γβ are obtained with Eq. (1). In principle, the surface
tension σ determining the dynamic stability of the strangeon-
vacuum interface would affect the emission rate. However,
for larger strangeon nuggets (radius r > 105 fm, or baryon
number A > 1015), the finite size effect becomes insignif-
icant and the emission rate is proportional to the surface
area of strangeon nuggets. As will be shown in Sec 3.3, the
strangeon nuggets with initial baryon number A0 ≤ 1036 will
almost disappear within ∼ 1 ms as the result of evaporation.
For simplicity we only consider large strangeon nuggets and
neglect the surface tension, since larger strangeon nuggets
would emit more particles.
In Fig. 1 we present the emission rates per surface area
for various evaporation channels Rβ , including strangeons
(β = q), neutrons (β = n), protons (β = p) and α (β = α).
5 10 15 20
-30
-20
-10
0
10
20
Temperature (MeV)
L
o
g
1
0
[R
/(
fm
2
s
)]
Figure 1. Emission rates per surface area for evaporation chan-
nels Rβ to strangeons (solid black line), neutrons (long-dashed red
line), protons(dash-dotted blue line) and α particles (short-dashed
magenta line) respectively.
The evaporation channels are dominated by strangeons at
temperature T > 10 MeV, and dominated by neutrons at
T < 10 MeV. This result gives the emission rates for any
strangeon nuggets with radius r & 105 fm via multiplying it
by the surface area S = 4pir2.
The dependence of evaporation channels on temperature
could be understood. Strangeons are heavier than neutrons
and protons, so they are easier to be emitted at high temper-
ature. If temperature is not high enough, it is energetically
favored for strangeons to decay into neutrons and protons
before being emitted. The emission of protons is suppressed
due to the Coulomb barrier.
3.3 The fate of strangeon nuggets
By simplifying the expanding envelope surrounding the rem-
nant to be of adiabatic (Li & Paczynski 1998), the temper-
ature deceases as time, T ∝ t−1. As indicated in Fig. 1, the
production rate of strangeons, neutrons and protons depends
on the temperature. If the initial temperature is ∼ 10 MeV
at the initial time ∼ 1 ms, then in 10 ms the temperature de-
creases to 1 MeV, when the evaporation nearly ceases. There-
fore, evaporation only happens at very early stage of expan-
sion.
The calculations in Sec 3.2 show that at different tempera-
tures, the dominate evaporation products are different. When
the temperature T ≃ 20 MeV, the main evaporation prod-
ucts are strangeons, with the rate (per unit surface area)
R = Rq ≃ 1.5×1015 s−1 fm−2. When the temperature is be-
tween 5 to 10 MeV, the main evaporation products are neu-
trons, with the rate (per unit surface area)R = Rn ∼ 108 s−1
fm−2. Then we can estimate the upper limit of initial baryon
number A of strange nuggets which would almost disappear
as the result of evaporation.
Assuming each strangeon nugget is a sphere with radius r
and baryon number density n. When suffering evaporation,
MNRAS 000, 1–8 (2020)
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the rate of losing baryons from the surface is
dA
dt
= −R · 4pir2, (6)
where
A =
4pi
3
r3n (7)
A ≃
(
A
1/3
0 −
R
fm−2
· t
)3
. (8)
When t = 1 ms the temperature is about 20 MeV and R =
Rq ≃ 1.5 × 1015 s−1 fm−2, then the strangeon nuggets with
initial baryon number A0 ≤ 1036 will almost disappear as
the result of evaporation, via emitting strangeons. Because
the initial baryon numbers of ejected strangeon nuggets are
between 1 to 1039, we can infer that if the initial temperature
is about 20 MeV, then almost all of the ejected nuggets turn
into strangeons within 1 ms.
In the spiral arms from tidal interactions during the
merger, however, the temperature would not be so high. Be-
low 10 MeV, the emissions of neutrons and protons will be
dominant instead of strangeons, which would happen in the
spiral arms in the equatorial plane. Eq.(8) indicates that, if
the time duration from T ∼ 10MeV to 5 MeV is about 10 ms,
when R = Rn ≃ 1010 s−1 fm−2, then the strangeon nuggets
with initial baryon number A0 ≤ 1024 will almost disappear
within ∼ 10 ms as the result of evaporation, via emitting
neutrons and protons.
4 STRANGEON KILONOVA
The scenario of strangeon kilonova was proposed in (Lai et al.
2018a), where the light curves are powered by the decay of
ejected strangeon nuggets and the spin-down of the remnant
strangeon star. To be consistent with observations of the kilo-
nova AT 2017gfo following GW170817 (Kasliwal et al. 2017),
the lifetime of the strangeon nuggets was assumed to be 1 day.
Here we propose a more reasonable scenario of strangeon kilo-
nova based on a more detailed analysis of ejected strangeon
nuggets and their evolutions.
In Section 3 we discuss a possible ejection process of merg-
ing double strangeon stars. The merger ejects strangeon
nuggets directly, which would suffer from evaporation of par-
ticles, mainly strangeons, neutrons and protons. The tidal
disruption during the merger ejects strangeon nuggets in the
equatorial plane, which turn into neutrons and protons within
10 ms. The hydrodynamical squeeze from the contact inter-
face between the merging stars ejects strangon nuggets in a
broad range of angular directions, which turn into strangeons
within 1 ms.
4.1 Electron fraction
Strangons are unstable and will decay instantly. Although we
do not know the exact microscopic properties of a strangeon,
we could infer its decay channels by analogy with hyperons.
Taking Λ hyeron as an example. Its lifetime is ∼ 10−10 s and
the decay channels are (Tanabashi et al. 2018)
Λ −→ p+ pi− (63.9%) (9)
Λ −→ n+ pi0 (35.8%) (10)
0 2 4 6 8 10
10-4
0.001
0.010
0.100
Temperature (MeV)
Y
e
10 12 14 16 18 20
0.615
0.620
0.625
0.630
0.635
0.640
0.645
Temperature (MeV)
Y
e
Figure 2. The dependence of electron fraction Ye on tempera-
ture T in the ejecta, taking into account both the evaporation of
strangeon nuggets and the decay of strangeons.
The produced pi− and pi0 are still short-lived with life-
times ∼ 10−8 s and ∼ 10−17 s respectively, and will decay
via (Tanabashi et al. 2018)
pi− −→ µ− + νµ (11)
µ− −→ e− + νµ + ν¯e (12)
and
pi0 −→ 2γ (98.82%) (13)
pi0 −→ e+ + e− + γ (1.17%) (14)
Therefore, we infer that the main decay products of
strangeons would also be protons, neutrons, e−, ν¯e, νµ and
photons.
It is interesting to note that, in evaporation of strangeon
nuggets and decay of strangeons, the ratio of production rate
of neutrons to that of protons are different. In the evapora-
tion products of strangeon nuggets, the neutrons dominant
over protons, since the emission of protons is suppressed due
to the Coulomb barrier. However, in the decay products of
strangeons, there are more protons than neutrons, since pro-
tons are lighter than neutrons. This difference basically initi-
ates different levels of neutron-richness in the ejecta that will
be discussed later.
In summary, the strangeon nuggets ejected directly from
the merger would emit particles from the surface, which are
dominated by strangeons at T > 10 MeV and neutrons at
1 MeV < T < 10 MeV. Strangeons are extremely unstable
and will instantly decay into proton-rich matter, so electron
fraction Ye of the ejecta depends on temperature. Taking into
account both the emission rates derived in Sec 3.1 and the
decay of strangeons, we can get the dependence of Ye on
temperature, as shown in Fig 2. We can see that, Ye is higher
than 0.5 at T > 10 MeV and is well below 0.1 at 1 MeV
< T < 10 MeV.
4.2 Two-component ejecta
The ejection processes of strangeon nuggets involves the tidal
disruption that ejects matter in the equatorial plane, and the
hydrodynamical squeezing from the contact interface between
the merging stars that expels matter in a broad range of an-
gular directions. Therefore, as the temperature would be dif-
MNRAS 000, 1–8 (2020)
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Figure 3. Illustration of blue and red components of ejecta. The
matter with high opacity would be ejected from the directions
around the equatorial plane, and the matter with low opacity
would be ejected in a broad range of angular directions.
ferent in different processes, the neutron-rich matter would be
ejected from the directions around the equatorial plane, and
the proton-rich matter would be ejected in a broad range of
angular directions. All of the above processes happen within
∼ 10 ms.
Consequently, we may infer that the end products of the
complex interactions within ∼ 10 ms in the merger of double
strangeon stars could be similar to that ejected in the merger
of double neutron stars. In other words, after about 10 ms
from the coalescence, the ejecta of merging double strangeon
stars could be similar to that of merging double neutron stars,
both of which would power the kilonova-like transient.
The neutron-abundance of ejecta depends on the viewing
angles. Besides the emitted neutrons from strangeon nuggets
that make the equatorial plane neutron-rich, the strangeons
emitted from strangeon nuggets could also contribute to the
neutron-richness. In the high density region of the disk, the
produced ν¯e in decay (12) would transform protons into neu-
trons, via p+ ν¯e −→ n+e+. Anyway, the matter ejected from
around the equatorial plane could be neutron-rich. Moreover,
even if the remnant is a long-lived stable star, the radiation
from the star would be insufficient to increase Ye significantly,
since most of the ejecta in the equatorial plane can have very
low Ye, indicated in Fig 2.
The components of ejecta are illustrated in Fig. 3. The tidal
disruption ejects matter in the equatorial plane, where the
temperature is relatively low. The hydrodynamical squeeze
from the contact interface expels matter in a broad range
of angular directions, where the temperature is relatively
high. Therefore, taking into account both the evaporation
of strangeon nuggets and the decay of strangeons, the matter
with high opacity would be ejected from the directions around
the equatorial plane, and the matter with low opacity would
be ejected in a broad range of angular directions.
4.3 Light curves
To derive the light curve, the radiation-transfer process is
the necessary input. As demonstrated before, the ejecta after
10 ms after merger could be similar to that ejected in the
merger of double neutron stars. The neutron-rich matter (i.e.
the red component), would be ejected from the directions
around the equatorial plane, and the proton-rich matter (i.e.
the blue component) would be ejected in a broad range of
angular directions. The r-process nuclei can be produced in
the neutron-rich environment, leading to high opacity and
heat the ejecta by radioactive decay. Therefore, the radiation-
transfer process would be similar to that of merging double
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Figure 4. Bolometric light curve of a strangeon kilonova includ-
ing two-component ejecta, fitted to the data from Kasliwal et al.
(2017) The dashed and dash-dotted lines represent the light curves
of blue and red components, respectively. The solid line is the re-
sult of the combination of the two components. For both blue and
red component, the total mass Mej = 10
−3M⊙, the minimum and
maximum velocities vmin = 0.1c and vmax = 0.3c (c is the speed
of light), the density distribution index δ = 1.5. The timescale of
spin-down is tsd = 10
3 s, and the initial spin-down luminosity is
2.9 × 1043 erg. The opacity κ = 0.3 cm2 g−1 and 3 cm2 g−1 for
blue and red components, respectively. The details of the ejecta
model are given in Yu et al. (2018).
neutron stars. The difference is that, the amount of heavy
nuclei produced in merging strangeon stars would be much
smaller than that in merging neutron stars, since the total
ejected mass of the former would be much smaller than that
of the latter.
The maximum mass of strangeon stars would be as high
as 2.3M⊙ or even higher, so the merger of double strangeon
stars triggering GW170817 would probably left a long-lived
stable strangeon star. As indicated in Li et al. (2018), the
emission of AT2017gfo associated with GW170817 can be
explained by energy injection from a long-lived and spinning-
down neutrons stars. The spin-down power is independent of
the interior structure of the remnant, so we can take the
spin-down power as the energy source of the kilonova-like
transients.
The radiation-transfer process depends on properties of the
ejecta, such as the total mass Mej, the minimum and maxi-
mum velocities vmin and vmax, the density distribution index
δ and the opacity κ. Here we choose typical values for such pa-
rameters. For both blue and red component,Mej = 10
−3M⊙,
vmin = 0.1c, vmax = 0.3c (c is the speed of light), and the den-
sity distribution index δ = 1.5. The opacity κ = 0.3 cm2 g−1
for blue component, and κ = 3 cm2 g−1 for red component,
respectively. In order to significantly spin down the remnant,
efficient secular GW spin-down is needed. The timescale of
spin-down is tsd = 10
3 s, and the initial spin-down luminosity
is 2.9 × 1043 erg, which are typical values for spinning down
neutron stars.
Bolometric light curve of a strangeon kilonova including
two-component ejecta, fitted to the data from Kasliwal et al.
(2017) are shown in Fig 4. The dashed and dash-dotted lines
represent the light curves of blue and red components, re-
spectively. The solid line is the result of the combination of
the two components.
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Therefore, although the very initial components in ejecta
of merging strangeon stars are different from that of merg-
ing neutron stars, the “strangeon kilonova” could have light
curves similar to that of neutron kilonova. Under reasonable
values of parameters, the bolometric light curve can fit the
data of AT2017gfo.
5 CONCLUSIONS AND DISCUSSIONS
Strangeon matter in bulk is conjectured to be more stable
than nuclear matter, and strangeon stars are conjectured to
be actually pulsar-like compact stars. Besides the strangeon
stars that born in supernova explosions and undergo sufficient
cooling, the astrophysical consequences in the hot environ-
ment created by merging double strangeon stars are worth
exploring, especially in the new era of multi-messenger as-
tronomy. To develop the “strangeon kilonova” scenario pro-
posed in Lai et al. (2018a), we make a qualitative description
about the evolution of ejecta and light curves of strangeon
kilonova.
Due to the self-bonding of strangeon stars, the merger
directly ejects strangeon nuggets instead of individual
strangeons. The tidal disruption ejects strangeon nuggets in
the equatorial plane, and the hydrodynamical squeeze from
the contact interface expels strageon nuggets in a broad range
of angular directions. In the high temperature environment of
the merger, the ejected strangeon nuggets would suffer from
evaporation into strangeons, neutrons, protons and so on.
The emission of strangeons dominates at temperature above
10 MeV, and the emission of neutrons dominates at temper-
ature blew 10 MeV.
The temperature of the matter expelled by hydrodynami-
cal squeeze from the contact interface could be higher than
10 MeV, so the evaporation productions are dominated by
strangeons, and almost all of the ejected nuggets turn into
strangeons within 1 ms. Strangeons in free space are ex-
tremely unstable and would immediately (∼ 10−10 s) decay,
and the decay products would contain more protons than neu-
trons. Besides, the temperature in the spiral arms from tidal
interactions would be around or below 10 MeV, but would last
for relatively longer timescale of ∼ 10 ms, which still lead to
sufficient evaporation, and the evaporation productions are
dominated by neutrons.
Taking into account both the evaporation of strangeon
nuggets and the decay of strangeons, we find that, the
neutron-rich matter would be ejected from the directions
around the equatorial plane, and the proton-rich matter
would be ejected in a broad range of angular directions. The
r-process nuclei can be produced in the neutron-rich environ-
ment, leading to high opacity and heat the ejecta by radioac-
tive decay. Therefore, the radiation-transfer process would be
similar to that of merging double neutron stars.
We find similarities between the consequences of merging
strangeon stars and that of merging neutron stars, although
the very initial components in ejecta of the former are dif-
ferent from that of the latter. Light curves are then for both
low and high opacity components, under typical model of
ejecta to include the radiation-transfer process. Under rea-
sonable values of parameters, even if the ejected mass is only
∼ 10−3M⊙, the bolometric light curves can fit the data of
AT2017gfo, by the energy injection from a long-lived and
spinning-down strangeon star.
This paper is the first qualitative description about the
evolution of ejecta of merging strangeon stars. Despite our
lack of numerical simulations, our conclusions are qualita-
tively acceptable, for the following reason. Most of the ejected
strangeon nuggets would almost disappear and evaporate into
strangeons, neutrons and protons, then strangeons are in-
stantly decay into protons and neutrons. The ejection, evap-
oration and decay happen at very early stage of merger and
terminated at time ∼ 10 ms when temperature dropped be-
low 1 MeV, so that the ejecta would end up with neutrons
and protons within 10 ms. Consequently, the early processes
could not have much impact on the later processes such as
the r-process nucleosynthesis and strangeon kilonova. Future
numerical simulations are necessary to explore the full pro-
cesses and consequences of merging double strangeon stars.
How to distinguish strangeon stars and neutron stars by the
observational consequences is crucial to test the strangeon
star model. We find that, even if the remnant is a long-
lived stable star, the radiation from the star would be insuf-
ficient to increase Ye significantly, since most of the ejecta in
the equatorial plane can have Ye well below 0.1 (lanthanide-
bearing). As found in our previous work, the merger of dou-
ble strangeon stars triggering GW170817 would probably left
a long-lived stable strangeon star. Therefore, the merging
strangeon stars scenario seems to be helpful to include both
long-lived remnant and sufficient lanthanide-bearing ejecta.
Conversely, for merging double neutron stars, most of the
ejecta would have Ye & 0.3 (lanthanide-free) if the remnant
survives longer than about 300 ms (Kasen et al. 2015). More
information about the post-merger remnant of GW170817 in
the future will undoubtedly provide more sever test for both
neutron star and strangeon star models.
The above statements are based on the hypothesis that,
the the emission of neutrinos of newly born strangeon stars
are the same as that of newly born neutron stars, in which
case the luminosity of νe is larger than that of ν¯e. The emis-
sion of neutrinos of newly born strangeon stars is still un-
known, so the consequences of neutrino radiation from the
hot strangeon stars on the ejacta and torus remain to be
answered. It is interesting to see that, neutrinos could be a
probe to distinguish strangeon stars and neutron stars, if the
decay of strangeons is similar to that of hyperons. As indi-
cated in 4.1, the decay of strangeons would produce νµ, which
would not be produced in neutron star mergers. This may be
tested by neutrino detections, e.g. the Super-Kamioka Neu-
trino Detection Experiment.
It is worth noting that, the consequence of survived nuggets
would also be interesting. In calculating the evaporation
rate of strangeon nuggets, we neglect the surface tension,
since larger nuggets would emit more particles and we only
care about the emitted particles that affect the subsequent
transient, then we find that a small amount of large size
nuggets, with initial baryon number A0 > 10
24 produced
by tidal forces and A0 > 10
36 produced by hydrodynami-
cal squeeze, can survive evaporation. However, when the ra-
dius of a nugget decrease to ∼ 105 fm (with baryon number
∼ 1015), the surface tension would become significant, which
would lower the emission rate and make it easier to survive.
Moreover, although most of the baryons are lost during evap-
oration, the absorption of energy and decrease of temperature
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due to evaporation may prevent further evaporation, then
the strangeon nuggets with smaller A0 may left to be micro-
scopic strangeon nuggets with A & Ac ∼ 109. The survived
strangeon nuggets would perform like the ultra high energy
cosmic rays, and their density in galaxies and impact on the
evolution of stars are worth exploring in the future.
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